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ABSTRACT
The Sauter mean drop diameter produced by a six blade 
turbine impeller has been determined for the two phase sys­
tem 5 v% LIX-64N in kerosene and water. Drop size measure­
ments were carried out using a Strobotac to photograph the 
drops under agitation. The mixing vessel was 4 inches in 
diameter and was fitted with four symmetric baffles. The 
total liquid volume of the system was such that the liquid
level was approximately 4 inches. The system was studied
1 1  2at organic phase functions of X=-j, -j, and and impeller 
speeds of 400, 500 and 600 RPM. Both organic drops dis­
persed in water and water drops dispersed in organic were 
studied. The pH of the water was adjusted with sulphuric 
acid to cover the range, p H =1.5 to 3. Power input into 
the mixer was measured over a range of RPM (700 to 1200) 
where the drop size was too small to be determined photo­
graphically. The limitations of the power input study was 
due to the range of the torque transducer ( 1 0 0  oz.in.) being 
too large for the size of mixer. The theoretical works of 




The drop size measurements for organic drops dispersed 
in water indicated that the behavior was similar to obser­
vations reported in the literature for these systems. 
However, the water drop dispersion did not behave in a like 
manner. The drops were found to decrease in size as the 
fraction of water drops in the system increased. Increased 
impeller RPM did produce smaller drops as expected.
Settling times were also found to be smaller for this type
of dispersion. Although a number of papers have been
published regarding this type of dispersion (W/0), these 
works dealt only with settling times and organic losses
rather than drop size behavior.
The drop size decreased as the pH of the water 
increased.
The measured power inputs (determined for a range of 
RPM higher than those used for the drop size measurements) 
were found to be lower than predicted by Rushton's correla­
tion. In this region the power number, PQ , was found to 
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Agitated vessels are widely used in many important 
industrial processes in chemical and metallurgical 
engineering. Liquid-liquid extraction, gas absorption and 
heterogenous liquid-liquid reactions (liquid ion exchange) 
are among those in which the performance of liquid mixing 
plays a significant role. One of the fundamental items of 
design is that the power consumption should be as low as 
possible within the constraints of acceptable mixing.
If a mixture of two immiscible liquids is agitated 
in batch or continuous flow system, a dispersion of droplets 
may be formed whose characteristics depend on the geometry, 
size of mixers and its materials of construction, the 
intensity of agitation, the phase fraction, properties of 
the liquids including viscosities, densities surface 
energies, and the concentration of dissolved solutes.
These factors act to produce the directly observable drop
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size distribution as determined by the interplay of breakage 
and coalescence. Glasser, D., et al. (38) have suggested 
that understanding these processes is crucial in the design 
of liquid-liquid contacting equipment. Thus, in predicting 
the performance of liquid-liquid contactors and in the 
subsequent design of associated settler units, it is of 
considerable importance to have reliable information with 
regard to the drop size distribution. In a continuous (39) 
flow system, each drop in the agitated vessel not only has 
a finite probability of breaking or coalescing as in batch 
systems, but also has an opportunity of leaving the vessel.
Dispersion properties such as interfacial area and 
mean drop size have been measured and correlated with system 
parameters in order to achieve a better understanding of 
droplet breakage and coalescence in agitated systems and 
ultimately to more accurate prediction of mass transfer and/ 
or chemical reaction rates.
In solvent extraction and direct-contact heat transfer 
processes, dispersions are agitated, pumped through pipes 
and conducts, etc., and in these instances the rheological 
properties of such dispersions are of importance.
Thus, the subject of impeller agitated dispersions 
covers a broad range of important topics. The experimental 
work described in this thesis has been confined to disper­
sions of LIX-64N-kerosene with water. This system is of
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interest in the extraction of copper from low grade copper 
solutions. In addition a review of the basic phenomena 
cogent to the subject of dispersion behavior is provided.
1.1 Scope
When two immiscible liquids are mixed in an agitated 
vessel, a dispersion of one phase can be produced in the 
other continuous phase. Turbulent fluctuations and viscous 
friction produce forces that tend to breakup the droplets, 
producing smaller drops, while at the same time collision 
between two drops may result in their coalescence into a 
larger drop. In a batch or continuous flow system, a 
dispersion of droplets is formed whose characteristics 
depend on condition of agitation as well as physical 
properties of the two liquids. These factors therefore 
have a profound bearing on the characteristics of the dis­
persion produced.
Some of the earliest investigations were primarily 
concerned with power input into agitated vessels with a 
single liquid. Correlations which allow prediction of this 
quantity have been obtained for a variety of impellers, 
vessels and feeding configurations (18,27,32).
Early works with two immiscible liquids were recently 
cited in the review of Verhoff, et al. (39,40). The most 
widely studied systems is the impeller-agitated, baffled, 
batch, liquid-liquid dispersion. The response parameter of
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interest was the interfacial area (or Sauter mean diameter, 
d ^ )  • A few of these studies have also investigated con­
tinuous flow agitated vessels, however (because of the large 
residence times) the results have been similar to those 
found in batch systems and only very dilute dispersions 
were investigated.
Semiquantitative theoretical analyses have been 
attempted by a number of authors (1,8,22,39,40). These 
contributions have reinforced the approaches to correlation 
of experimental data. They have for the most part been 
based on concepts relating to the scale of micro-turbulence 
present in impeller agitated systems.
Zeitlin and Tavlarides (25) included spatial variation 
of dispersion properties in modeling an agitated vessel, but 
also conjectured about the breakup and coalescence rates as 
functions of drop sizes and position in the vessel. Finally, 
Rietema (41) postulated that an agitated vessel is charac­
terized by a circulation zone, in which droplets tend to 
coalesce, and a zone at the impeller where droplet breakup 
predominates with little coalescence. All of these studies 
have confirmed the quantitative description of the 
breakup and coalescence processes, based upon experimental 
evidence.
The fundamental concepts which relate to the present 
investigation are well documented in the literature.
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1.2 Problem Statement
On examining the scope of the problem of prediction of 
drop size distribution (or mean drop size) and power inputs 
in impeller agitated systems, it is apparent that there are 
a number of areas which have not been tackled or where fur­
ther work would be worthwhile.
These include:
i) Power input and drop size measurements in impeller 
agitated systems where continuous flow into and out 
of the vessel occurs at flow rates such that mean 
residence time is "short", 
ii) Drop size measurements in batch systems (essentially 
the same as a continuous flow system with short 
holding time) where the fraction of the dispersed 
phase is "large" (> 1 /1 0 ). 
iii) Carrying out ii) for a system of metallurgical 
interest (LIX-64N in kerosene, used in the 
extraction of copper).
The system pertinent to copper extraction was chosen 
and after some preliminary experience with obtaining drop 
size measurements only a batch configuration was used. In 
any case it was doubtful whether continuous flow operation 
would be of immediate interest since the residence time 
in current industrial mixers is of the order of minutes.
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Only one composition of the LIX-64N-kerosene mixture 
(5 v% LIX-64N) was investigated. Copper was not included 
in the aqueous phase but the pH was adjusted with sulfuric 
acid so that the effect of pH could be determined.
•*-• ̂  Organization of the Thesis
The results of this study are presented in the four 
chapters which follow. In Chapter 2 a literature review 
of measurements of drop size, correlation of drop size 
distribution in impeller agitated systems and prediction 
and measurement of drop breakup and coalescence are 
presented. Chapter 3 covers the theoretical aspects of 
drop size of dispersions in impeller agitated systems. 
Correlations of power input into impeller agitated systems 
are covered in the last section of this chapter.
Details of the experimental system and procedures 
used are presented in Chapter 4, together with the results 
of the experimental investigation —  analysis, interpreta­
tion and discussion of the data obtained. The conclusion 
of the work is presented in Chapter 5, where a general dis­
cussion and conclusions deduced from the present work are 





In this chapter, a review of methods for measuring 
the size of droplets of one liquid dispersed in another 
liquid are presented. In addition correlations of experi­
mental data which may be used for predicting drop size in 
agitated baffled vessels are also reviewed.
Finally, the various attempts at predicting breakage 
and coalescence in agitated liquid-liquid dispersions are 
then covered.
2.1 Measurement of Drop Size
Drop sizes have been determined by a number of tech­
niques including photography (1,2,6,7,10,11,12), scattering 
of light beams (12), electronic particle counter (8,9), 
electroresistivity probe technique (3,4,5), and an ingenious 
device for encapsulating the drops with a thin polymer film 
(7) .
All of these methods have their disadvantages.
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2.1.1 Photographic. Experimental investigations on measure­
ment of individual drop diameters by photographic techniques 
were made by Gnanasundaram (1) and Middleman (2). It 
requires indirect measurement from projection of the film 
record, onto a screen. There is also a time delay in 
obtaining the result since the film has to be developed. 
However the inherent advantages of simplicity, flexibility 
and ease of use make it a particularly attractive method. 
Adequate illumination at a magnification needed to discrim­
inate the drops being photographed is probably the most 
serious drawback. However, drop sizes as small as 100 ym 
have been photographed.
2.1.2 Scattering of Light Beams. Vanderveen (15) made 
measurements of interfacial area as a function of position 
in a stirred tank, and showed that methods employing scat­
tering and absorption of light do not yield satisfactory 
size distribution data and are restricted to dispersions 
having drop diameter greater than 50 microns, and also the 
choice of liquid-liquid mixtures was limited to those which 
are completely transparent.
2.1.3 Electronic Particle Counter. Sprow (8,9) used an 
electronic particle (Coulter) counter to obtain distribution 
of drop size in an electrically conductive continuous phase. 
The emulsion is forced through a small aperture between two 
electrodes. The resistance between the electrodes changes
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as a particle goes through the aperture and this change 
is converted to a voltage pulse in the instrument. The 
technique is applicable only to dilute agitated liquid- 
liquid systems. The instrument therefore has the disad­
vantage of not being capable of counting in concentrated 
emulsions. In their work, apertures of 200 and 560 pm 
were used, allowing accurate analysis for particles in 
the range 25 to 275 pm.
2.1.4 Electroresistivity Probe Technique. Neal and 
Bankoff (4) employed an electroresistivity probe tech­
nique for the measurement of local gas hold-up and bubble 
size distribution in gas-liquid flow, in which the con­
tinuous liquid phase was electrically conducting. Their 
technique was based on the fact that when a bubble covers 
a sensor electrode, the flow of current between the sensor 
and a large wall-electrode is interrupted, and a voltage 
pulse produced. The signal, i.e. the train of pulses, thus 
produced contains information about bubble size distribution 
and gas hold-up, which can be extracted by use of appropriate 
analytical expressions. Hoffer and Resnick (3) modified 
and further developed the electroresistivity probe tech­
nique for measurement in mechanically agitated liquid-liquid 
dispersions. Their instrument permits the simultaneous 
determination of local average drop size, and local dis­
persed phase hold-up. It is necessary that the continuous
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phase is at least slightly electrically conducting while the 
discontinuous phase be electrically non-conducting. In 
addition there should not be strong preferential wetting 
effects, to avoid either phase adhering to the sensor. The 
size range of drops which may be measured is between 0 . 1  mm 
to 0.3 m m .
2.1.5 Encapsulation method. Mlynek and Resnick (7) devel­
oped a method of "capture by polymerization", that involves 
sampling of the dispersion followed by immediate encapsulation 
of the drops with a thin polymer film. It permits sampling 
at different locations within the vessel. It is necessary 
that the system be chemically amenable to the treatment and 
the principal disadvantage was that some liquid-liquid 
pairs examined did not give encapsulation of the drops. The 
range of the drop sizes measured was 0.07 mm to 0.8 mm.
2.2 Correlation of Drop Size Distribution in Impeller
Agitated Baffled Vessels
A number of investigators (16,17) have used the ratio 
of impeller to vessel diameter to correlate the results of 
their experiments and this parameter has been included in 
general drop size correlations. The influence of the 
impeller size on fluid velocities and related mass transfer 
rates highlight the significance of this particular aspect 
of contactor design (18). Impellers of many types are used 
to produce agitation and mixing in liquid phases. To produce
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mixing it is necessary to supply energy, and this is 
usually accomplished through the rotation of an impeller 
and the accompanying fluid flow it produces. The rate at 
which energy is supplied, or the power input, is not only 
dependent upon the type of impeller used and how rapidly 
it is rotated but also on the physical characteristics of 
the fluid, shape of the container and the relative location 
of all component parts of the system such as baffles, coils 
and supports. Several investigations which correlate drop 
size to these mixing parameters and to the physical proper­
ties of the liquid system have been reported (1,2,7,8,9,19, 
20,21). Some of the equations relate the Sauter mean drop 
diameter in the vessels to the Weber number, and the volume 
fraction which influences coalescence of drops. Sprow (10) 
and Vanderveen (11) studied variation of local mean drop 
diameter throughout the vessel; they have shown that drop 
size varies in the vessel according to the general model 
of a circulation path that involves breakup near the impeller 
followed by continuous coalescence along the circulation 
path. Brown and Pitt (18) used several turbine impellers 
with different geometries (e.g. different ratios of blade 
width to diameter) and found that the use of average power 
input per unit mass of liquid was not adequate to represent 
Sauter mean drop diameter for all the impellers they used.
It was suggested that the correlation for drop diameter
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should also include circulation time in the vessel and
vessel diameter (although vessel diameter was not varied
in their work), and proposed a dimensionless group 
1/3 2/3(e t c / T  ) where te is the circulation time) to include 
these factors. However, Park (13) found that drop breakup 
occurs only in the region near the impeller, so parameters 
related to the rest of the vessel should not have an effect 
on drop size at low hold-up (where coalescence will be 
negligible).
2.3 Prediction and Measurement of Drop Breakage and
Coalescence
The drop size distribution is known to vary signifi­
cantly with position in the vessels. The various phenomena 
which bring about this condition depend upon the physical 
properties of both phases, the operating conditions, and the 
vessel geometry in addition to the mass transport process 
and the presence of surfactants. Thus, in order to predict 
size distribution and/or mass transfer rates in such a 
system, one must first be able to describe the hydrodynamics 
of the system.
In producing a dispersion of two liquids by turbulent 
agitation, breakup and coalescence of droplets occurs 
continuously. Breakup may be caused either by viscous 
shear forces or by turbulent pressure fluctuations.
Breakup tends to decrease droplet size and increase the
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number of drops, while coalescence has the reverse effect 
and also produces mixing within a drop which has coalesced 
from two or more drops. For a known flow-field both breakup 
and coalescence have been evaluated theoretically by 
Shinnar (22). He applied Kolmagoroff1s theory of local 
isotropic turbulence to predict the droplet sizes. However, 
the effect of coalescence, due to drop crowding, on the 
mean drop size was not suitably taken into account.
Several recent studies have demonstrated the possible 
approaches. Valentes, et al. (23,42) applied population 
balances to a dispersion and, by assuming mathematical 
dependences of breakup and coalescence rates on drop sizes, 
calculated drop size distributions and some resulting 
effects in reactors. Bayens and Laurence (24) subsequently 
predicted the effect of coalescence on mass transfer rate 
but used a coalescence rate expression that was independent 
of drop size. Zeitlin and Tavlarides (25) included spatial 
variation of dispersion particles in modeling an agitated 
vessel, and also conjectured about the breakup and coales­
cence rates as functions of drop sizes and position in the 
vessels. All of these studies have confirmed the quantita­
tive description of the rate of breakup and coalescence, 
based upon experimental evidence. Thus, the effects of 
agitation and system variables on the behavior of dispersions 
in mixing vessels have been extensively studied both experi­




Hydrodynamic and mass transfer behavior in mixers 
depend on the properties of the dispersion of one phase 
within the other. An understanding of droplet breakup 
and coalescence leading to design equations is therefore 
essential. In this chapter equations for predicting drop 
size distribution in impeller agitated system are developed.
3.1 Fundamentals of Drop Breakup
The deformation of drops by external forces has been 
summarized by Hinze (26). Three basic types were identi­
fied, "Lenticular", "Cigar-shaped", and "Bulgy", (illus­
trated in Figure 3.1).
For a single drop, it was suggested that the force per 
unit area, t , causing deformation could be a viscous stress 
or a dynamic pressure, these would correspond to essential 
laminar or turbulent flow in the continuous phase. The 
surface force within the droplet resisting deformation 








Figure 3.1 Basic types of drop deformation.
[After ref. (26)]
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of the drop, the surface-tension force per unit area will 
be of the order of magnitude a/d. If the dynamic pressure
creates velocities of (t/ p )̂ 2/ the viscous stress will be
(Ud/d)(x/pd)^.
Therefore the three forces controlling breakup are x, 
a/d, and w^ere subscript d on the property
values refers to the dispersed phase.
On applying formal dimensional analysis and taking 
into account the parameters, x, d, a, and p^, two non- 
dimensional groups arise,
= yd/(pdad) 2 a viscosity group. 3 . 1
and
Nr_ = xd/a, a modified Weber number. 3.2We
Thus, it appears that drop breakup in steady turbulent 
flow fields occurs by three possible mechanisms —  laminar 
shear, turbulent shear and turbulent pressure fluctuations.
Hinze (26) indicates that in dispersions where drops 
are much larger than the microscale of turbulence, dynamic 
pressure forces control the breakup process. This breakup 
process can thus be characterized by a critical value of the 
Weber number, which in turn may vary with position in the 
vessel. Thus the probability of breakup or instability of 
the drop depends upon the drop diameter. Furthermore, a
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maximum and minimum drop size can be postulated above which 
breakup is assured and below which no breakage occurs. 
Intermediate to these sizes the probability of breakup is 
proportional to the drop size raised to some power.
Equations have been derived (8,22) for the dispersions 
of droplets in regions that are locally isotropic. The 
theory of lochl isotropy is especially useful here, because 
it allows an approximate statistical definition of the flow 
field in a small volume of the turbulently agitated fluid.
3.1.1 Equations Describing Breakup of Droplets. A theo­
retical analysis of drop breakup (22,26,27) defines
and if the turbulent flow can be assumed to be isotropic 
then
Combining equations 3.3 and 3.4 gives
2constant = pc u (d) ^ 3.3
maxa
dmax 3.5
where ri —  the Kolmogoroff length —  is the scale of the 
micro-turbulence.
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Here e represents the average dissipation rate per
unit mass of liquid, based on the volume swept out by the
impeller as suggested by McManamey (2 7) *. A six-blade
turbine impeller was used in all the cases considered.
For these impellers the volume swept out by the impeller as
2it rotates is (tt/^) D W, and the power input per unit 
mass into this region is
4P _ _e-- =---- *—  3.6
tt pD W
where P is the power input to the impeller (further dis­
cussed in section 3.3). The power is given by
P = PQ N 3 D 5 p 3.7
Equation 3.6 can be altered to this form by using the
power number PQ . This gives
e = <|-) (Po) (D/W) N 3 D 2 3.8
substitution into 3.5 gives
-2/3
dmax 5 / 3  = C 2 £  (Po> <£> ' for <d>>^  3 ’ 9
If equation 3.9 is derived in terms of the Sauter 
mean drop size <̂ 3 2 ' then:
♦Previous workers defined a quantity e which is based 






for breakup as the dominant mechanism, and corresponds to 
low values of hold-up (i.e. low phase fraction of the 
dispersed phase). Equation 3.10 was used by McManamey (27) 
to correlate mean drop size data from several sources and 
the plot obtained is shown on Figure 3.2.
For very small drops d>>ri, the energy is dissipated 
in the region of viscous shear and the local velocity grad­
ient would be expected to be a function of the energy 
dissipated and kinematic viscosity,
According to Taylor (28), the breakup of a drop under 
these conditions is primarily a function of the Weber 
number
Vu = f (e, uc) 3.11
and from dimensional analysis
3.12
Vu = C 4 e uc
NWe = <yc Vu d/a)
At critical conditions, then
We 3.13
2398 20
0 - 3 0
0-10
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0 - 0 5
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IM PELLER D IM E N S IO N S
Symbol D, m W 9 m
O 0 * 1 0 1 0 - 0 2 5
A 0 * 1 0 0 * 0 5 0
O O- 15 0 * 0 3 7 5
Figure 3.2 Correlation of drop diameter, <*3 2 ' terms 
of Weber and Power numbers and impeller 
form factor. (After ref. (27)).
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It should be noted that for this case the critical 
Weber number is considered to be a function of the vis­
cosity ratio of dispersed to continuous phase.
The final result obtained for breakup due to viscous 
shear —  substitution of 3.8 into 3.13 —  gives
d = C,- p ~ 1  u 55 or N - 3 / 2  D- 1  [(-) (P ) (£) f  ( — ) 3.14Amax 5 Hc c L 'tt o 7 'W ^c
If equation 3.14A is converted to dimensionless form, 
and derived in terms of the Sauter mean drop size, ^ 3 2 ' 
then:
^32 ^ 4 d
^ i = c 6 <Nwe) (NRe> [ <?> (P°> 1 * 3-14B
The viscosities of systems which have been studied in 
the past appear not to be large enough for breakup by 
viscous shear to be a dominant mechanism. Thus, apart from 
Sprow (9) equations 3.14Aor B have never been used in the 
literature for correlating drop size of dispersions. [The 
work of Sprow (9), however, does suggest viscous mechanism 
for drop breakup even though the drop sizes were larger 
than the Kolmogoroff length.]
It is usually accepted that equations 3.10 and 3.14B 
should apply to droplets larger than and smaller than the 




n = oc e 3.15
3.2 Coalescence of Droplets
In agitated dispersions of two immiscible liquids, 
immediate coalescence seldom occurs when two droplets 
collide. If the droplet pair is exposed to turbulent 
pressure fluctuations, and the kinetic energy of the oscil­
lations induced in the coalescing droplet pair is larger 
than the energy of adhesion between them, the contact will 
be broken before coalescence is completed.
Work by Deryaguin (29) and others has indicated that 
the coalescence phenomenon is well described by a force 
parameter F representing the force of interaction between 
two particles. The force of adhesion F (hQ ) has been 
shown by Shinnar (22) to be
where f(hQ ) is the force per unit area between two parallel 







F(h0) dh = tt r  r  j 
hQ h




Ea = 2 d ^  A(ho>
where A(h0 ) is defined by
oo oo
A(hn ) = i tt / I f(h) dh dh' 3.18
and is the energy necessary to completely separate two 
droplets of unit diameter initially separated by the minimum 
distance hQ . If the two droplets are of equal diameter, 
equation 3.17 simplifies to
Ea = A(hQ )d 3.19
In the region of inertial effects, the drop diameter 
for which separation is still possible in a given fluid is 
therefore given implicity by
Pc d2min = A(h0 ) 3.20
Combining equations 3.4 and 3.20 gives
Pc " 2 / 3  ^ m i n  " A(h°> 3 - 2 1
where d . is the diameter of the smallest particle whose m m
coalescence is retarded by turbulence. If it is assumed 
that the energy dissipation in the coalescing region of
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interest is proportional to this total energy dissipation 
and combining equations 3-8 and 3.20, then
d . = C, --- —  [(-)(P0 ) (̂ ) N 3D ] 3.22m m  1 p tt ° W
If equation 3.22 for retardation of coalescence is 
converted to dimensionless form, the following expression 
is obtained
d,, -3/8 A(h0 ) 3/8 . n 1/4
i b = C l NWe [ - 5 d ~ ] t(7 >(po> (*H 3.23
Equation 3.2 3 may be compared to results obtained by 
Rodger, et al. (16), where interfacial area was measured 
for concentrated liquid-liquid dispersions in agitated 
tanks for various liquids. The correlating equation used 
shows a mean drop size dependent on Weber number raised to: 
-0.36.
3.3 Power
Stoops and Lovell (30) examined the power consumption 
of a propeller agitator under various conditions. Three 
feasible methods for measuring this power were suggested (31)
(si) Fitting some form of prony brake to the shaft 
between the motor and the propeller. In this 
way, the mechanical power output can be measured 
for various conditions of operation.
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(b) Placing the mixing vessel onto a turntable and
determining the torque necessary to prevent its
rotation.
(c) Connecting the drive-shaft to the propeller
by a spring or dynamometer system, and measuring
the torque by the relative displacement of the 
two shafts.
The power requirement of a turbine mixer was correlated 
by incorporating the power used by the agitator and the 
geometrical and mechanical arrangements of the mixer. This 
problem has been discussed by a number of workers, including 
Rushton, et al. (32). The general method of attack using 
dimensional analysis is indicated in the following section, 
the nomenclature used is shown in Figure 3.3.
The quantities of importance are characteristic 
dimensions of the tank and impeller, the viscosity p and 
the density p of the liquid and the impeller speed N.
The various linear dimensions yield dimensionless 
ratios, called shape factors. The diameter of the impeller
D is a suitable choice for the normalization. Thus for
similarity in two mixing systems the following ratios are 
given:
T Z H5 7 D ' IT' D ; etc* must be the same in the two systems.
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|.------------------------  T  1
D = D I A M E T E R  OF A G I T A T O R  
T = D I A M E T E R  OF T A N K
H = O E P T H  OF  L I Q U I D  
N = S P E E D  OF A G I T A T O R
Wb = WI D T H OF B A F F L E S  
Z =  HcTGHT OF A G I T A T O R  F R O M  
B A S E  OF T A N K
Figure 3.3 Dimensions of agitator
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If the geometric ratios are fixed, the power P can 
be expressed as a function of the remaining variables:
P = f(y, g, p, D, N) 3.24
Application of the method of dimensional analysis 
outlined in Appendix I gives the result (32):
= p = k [D^NP] 61 [ M  ] 3 . 2 5
d 5n 3 p ° U J g
The first dimensional group in Equation 3.25,
5 3 2P/D N P , is the power number PQ . The second, D N p/y, is
2the Reynolds number NRe, the third, DN /g, is the Froude 
number NFr- Equation 3.25 can therefore be written:
P0 = kQ NR3 Nf£ 3.26
where the values of k, a, and b are characteristics of 
the type of impeller (32). The Reynolds number, N_ , isKG
a measure of the relative importance of inertial to viscous 
forces in the system. The Froude number, N_ , is requiredi? JL
to account for the vortex formation in a rotating system.
It is a measure of the ratio of the inertial force to the 
gravitational force acting on a fluid element. The Froude 
number is usually not important unless the Reynolds number 
is greater than 300. For baffled tanks (or for Reynolds
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number less than 300) a vortex does not form, and the Froude 
number need not be considered. Thus, in practice the vortex
is eliminated by adding radial baffles to the vessel. The
/
flow dynamics are controlled by the viscous and inertial 
forces in the liquid, and equation 3.26 becomes:
The great majority of industrial mixing operations can 
be handled by this equation.
In the determination of the Reynolds and power numbers 
for agitation of two liquid phases, mean values of density 
and viscosity are used to compute the Reynolds number. 
Vermeulen and associates (33) recommended the relationship, 
derived from studies in baffled vessels with no air-liquid 
interface:
Vermeulen also recommends for density the use of a 
weighted arithmetic mean, originally used by Miller and 




Equation 3.27 has been used to correlate the quantity PQ 
measured experimentally, as a function of the Reynolds 
number for a given geometrical arrangement. Curves of PQ
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versus N for shape factors of typical designs have beenK©
determined in this manner (32,34,35).
A typical plot of PQ versus NRe for tanks fitted 
with centrally located vertical flat-bladed turbines with 
six blades is shown in Figure 3.4.
3.3.1 Calculation of Power Input for Dispersions.
The power input required at a given agitator speed can be 
estimated from a correlation such as given in Figure 3.4 
by first estimating the property values of the dispersions 
(pm and pm ) using equation 3.28 and 3.29. With these 
quantities the Reynolds number may then be calculated, 
from which the PQ is determined according to the vessel 
and impeller specifications. Rearranging the expression 
for PQ yields:









































This chapter describes the equipment used in this 
investigation. In addition, the procedures employed in 
obtaining the various measurements, reagents used and their 
property values are also included. In the final section 
the results obtained are reported and discussed.
4.1 Description of Equipment
4.1.1 Mixing Vessel. The mixing vessel was cylindrical 
with a dished bottom and made of Pyrex. It was equipped 
with four symmetric flow baffles to prevent the establish­
ment of a vortex around the agitator shaft (avoidance of 
the influence of Froude number). The same effect can be 
obtained by excluding air from the vessel and filling it 
completely with liquid.
A photograph of the assembled vessel is shown in 
Figure 4.1a. The vessel dimensions were 4 in. I.D. x 5 in. 
high. The baffles were stainless steel —  1/16 in. thick 
and 1 / 1 0  the inside diameter of the vessel in width —  and
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held together at the top by a 2 in. diameter collar as 
may be seen in Figure 4.1b. A variable speed, 1/4 hp. D.C. 
motor with SCR controller was used to drive the impeller 
shaft. Two flexible couplings were used to couple the 
torque transducer to the motor and impeller shaft. The 
impeller was a six bladed turbine and its diameter of 2 in. 
was half the diameter of the vessel. It was mounted on a 
5/16 in. diameter shaft. The shaft was reduced to 3/16 in. 
diameter over a portion where it rotated in a central 
bearing housing as may be seen in Figure 4.1b. This type of 
impeller was selected because of its wide use. The impeller 
was placed about one impeller diameter from the tank bottom. 
The geometric details of the impeller are shown in Figure 4.2. 
The rotational speed of the shaft was measured with a General 
Radio 1531-AB Strobotac.
The torque transducer was an optical type manufactured 
by Vibrac Corporation with a range of 100 oz. in. (Model 
TM-100). The torque readout could be obtained on a mirror- 
scaled panel meter or direct analog output (± 10 VDC full- 
scale) .
The organic and aqueous phases could be introduced 
through a 1/4 in. diameter teflon tubing extending 3 in. 
into the mixing vessel and passing through a compression 
fitting located in the top of the cover plate to which the 




Figure 4.1 Photograph of mixer. (a) Assembled in place 
(b) Details of impeller and baffles
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Figure 4.3 is a photograph of the complete experimental 
setup, which also shows the 35 mm camera and Strobotac 
flash used to photograph the drops in the vessel. A sche­
matic of the arrangement is shown in Figure 4.4.
4.1.2 Photographic Technique. Photographs of the drop 
swarms were obtained (when the vessel was operating under 
steady state conditions) using a Honeywell Pentax camera 
with inverted 35 mm focal length lens on a bellows rack.
The camera apertures used were f/ 8  and f/11. Short duration 
(3 us) high intensity (8x10^ lux at 1 meter) flash was pro­
vided by means of a type 1538-AB Strobotac with the type 
1531-P2 flash delay unit manufactured by General Radio 
Company. The flash delay provides a convenient method of 
obtaining single flash photographs of the moving drops.
With single flash photography, when the camera shutter is 
opened the Stroboscope is flashed once to expose the film, 
and the shutter is closed again. The drops are photographed 
in the position they occupied at the instant the Stroboscope 
lamp flashed. The camera shutter was tripped manually and 
the flash triggered from the x-synchronization contacts of 
the camera.
With the agitator operating, the drops were photo­
graphed at one location in between two adjacent baffles 
of the vessel and at the level of the impeller. The plane 
of focus was located close to the inner wall of the vessel
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Figure 4.3 Photograph showing details of the various 
experimental equipment.
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and only the drops which were in focus were subsequently 
measured. Photographs taken through the glass wall of the 
vessel covered an area of about 4 mm high and 6 mm wide.
The position of the camera was held fixed throughout the 
experiments.
The film used was 35 mm Kodak TRI-X ASA 4 00, in order 
to produce negatives of highest quality under the exposure 
conditions used. This fine-grain film is ideal for black 
and white photography where very sharp images, high speed, 
and good enlargeability are required.
It was possible to develop the photographs for inspec­
tion within half an hour after the photographs had been 
taken. Kodak developer D-76 was used to develop the films 
according to the manufacturer's instructions.
The negatives were placed in 35 mm slide frames and 
a slide projector was used to project the negatives onto 
a screen. In order to calibrate the projection system, 
a pattern of uniform spots was chosen with sizes close 
to the mean drop size encountered. This standard was 
first photographed in the same position on the vessel as the 
drops, to be sure of obtaining the same image properties. 
Several spots on the pattern were measured using an optical 
microscope with calibrated reticle. These measurements 
yielded a standard spot size of (24 0 ± 10 ym). Thus by 
first projecting the negative of the spot pattern onto the 
screen and measuring the diameter of several spots, a scale
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factor could be obtained which was used when subsequent 
measurements of the diameter of drops were made. A milli­
meter scale was used for this purpose and usually two 
"diameters" of a drop were obtained. In general however, 
the projected drops could be measured to a precision better 
than 5 %.
Although the analysis of the negatives is tedious at 
best, use of the slide projector was more convenient and 
faster than the alternative of using a travelling micro­
scope to analyze the negatives directly.
The number of drops measured for each run was approxi­
mately 40 when the range of drop sizes was narrow, to 
approximately 60 when the drop size distribution was wider. 
In order to obtain a satisfactory number of drops for 
analysis, it was necessary to carry out approximately 15 
exposures for each run.
The arrangement used for photographing the droplets 
is also shown schematically in Figure 4.4. Photographs 
obtained using this technique are shown in Figures 4.5 to 
4.7, for different run conditions.
4.2 Experimental Procedure
In each series of runs carried out at a given hold-up 
(phase fraction), and pH, the following procedure was 





Figure 4.5 Photographic record of drop swarm.
X=i. (a) 400 RPM (b) 600 RPM
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(b)
Figure 4.6 Photographic record of drop swarm.
x=i. (a) 400 RPM (b) 600 RPM
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(b)
Figure 4.7 Photographic record of drop swarm.
X=j. (a) 400 RPM (b) 600 RPM
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i) The glass vessel was cleaned with hot soapy water, 
then rinsed with distilled water followed by nitric 
acid, and finally with more distilled water. The 
vessel was then placed upside down on clean paper 
towels to drain and also to keep dust particles 
out while the impeller, baffles and stainless 
steel cover plate were being cleaned.
ii) The impeller and baffles were washed in hot soapy
water, rinsed with distilled water, dipped in nitric 
acid, and then distilled water. The impeller and 
baffles were than assembled in place and the glass 
vessel bolted to the cover plate. The cleaned 
equipment was handled as little as possible and 
only with clean hands, 
iii) The organic phase was introduced into the vessel
via the teflon which passed through the access port 
in the cover plate. The impeller was always fixed 
at one impeller diameter from the bottom of the 
vessel.
iv) The impeller was started and the speed adjusted to 
the desired RPM. This methodology was followed in 
all the runs to assure that the organic phase was 
always the continuous phase, i.e. a water dis­
persion in organic (W/0). Previous workers (36,37) 
have noted that within the "ambivalent" range, the
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phase in which the impeller starts becomes the 
continuous one.
v) The aqueous phase was then introduced into the
agitated tank and the dispersion maintained under 
agitation for at least half an hour for equili­
bration of the phases, 
vi) The field of focus of the camera was checked to
assure that it coincided with the plane just 
beyond the inner wall of the vessel. The flash of 
the Strobotac was triggered manually and its 
position adjusted for maximum observed intensity 
of the field of view. Photographs of the disper­
sion were then taken,
vii) At the conclusion of the run the impeller was
stopped and the time for the dispersion to settle 
to the first appearance of a clear interface was 
noted. The two interfaces between the dispersion 
band and the organic and aqueous respectively were 
observed to check that the continuous phase was 
in fact the organic. This is manifested by the 
appearance of a smooth interface between the 
organic and dispersion band during settling. After 
this the impeller was restarted and since the impel­
ler is now located in the aqueous phase (the dense 
phase) this now becomes continuous. Photographs 
were once more taken at differents RPMs.
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viii) Drop sizes were measured from the projected
negatives onto a screen as described previously. 
Approximately fifty drops were measured for each 
run. Only the drops which were in sharp focus 
were used from a particular negative, 
ix) Drop size measurements were processed using a
BASIC program —  the computer program is given in 
Appendix 2. The computer program calculates the 
Sauter mean drop diameter the sample mean,
the standard deviation, and the relative standard 
deviation.
The effect of pH on drop size was studied at 400 RPM, 
organic to aqueous phase ratio 1:2, pH = 1.5, 2 and 3 and 
the organic phase continuous. The procedure employed in 
i) to ix) above was used.
4.3 Reagents
The organic phase was 5 v% LIX-64N in kerosene. The 
LIX-64N was supplied by Henkel Corporation (General Mills). 
The kerosene was "technical grade" supplied by Sargent 
Welch. The aqueous phase was distilled water with the 
pH adjusted by addition of reagent grade sulfuric acid.
The physical properties are shown in Table 4.1.
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Table 4.1 PHYSICAL PROPERTIES OF LIQUIDS USED
(28°C)
Density, g - c m ” 3Liquid Viscosity, cP
1.00 1.01water
5 v% LIX-64N 
in Kerosene 0.77 — 5
Interfacial Tension of water 5 v% LIX-64N in Kerosene
- 1  pH = 6
—  pH = 2  (by H 9 S0. addition
The viscosity of LIX-64N in kerosene mixture was 
obtained by means of a Brookfield Model LVT viscometer 
which had been calibrated with standard silicone oil.
A model 21 Fisher TENSIOMAT, was used to measure the 
interfacial tension between the organic and the aqueous 
phases.
4.4 Results and Discussion
Under the conditions of study, a state of dynamic 
equilibrium between the formation and coalescence of drop 
is attained. Coalescence of drops is a factor in deter­
mining drop size and will be enhanced by two factors: 
both a high volume fraction of dispersed phase, as well
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as turbulent mixing which promotes collision between drops 
The final drop size distribution, therefore, represents 
steady state for a dynamic process in which drop breakup 
and drop coalescence are balanced.
In the development of the theoretical analysis of 
the process, several ideas of Kolmogoroff related to the 
manner in which energy is distributed in the micro-scale 
components of the velocity fluctuations have been used. 
These concepts lead to the various correlation equations 
reviewed in Chapter 3.
The most relevant measure of the mean drop size of 
dispersions, from the point of view of mass transfer, is 
the Sauter mean diameter, and is defined as:
_ E n. d I
3 2 = £ n± d I  4 -X
where n^ is the number of drops, of diameter d^.
Conditions for the runs carried out to obtain the 
mean drop size of the dispersions produced are given in 
Table 4.2. High, medium, and low coalescing systems were 
studied at different dispersed phase fractions and RPMs. 
Dispersions where water was the dispersed phase (W/0) were 
investigated at three different RPMs, and also when the 
organic was dispersed (0/W), for two different RPMs. The 
effect of pH at a hold-up of X=i-, at one RPM was also deter­
mined for organic continuous dispersions.
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TABLE 4.2 
SCOPE OF CONDITIONS STUDIED
SYSTEM
RPM FOR GIVEN DISPERSION
PH
w/o O/W
Phase Fraction 400 400
0: W 
1:2 500 500 2
(X=0.33) 600
Phase Fraction 400 400
0: W 
1 : 1 500 500 2
(X=0.5) 600




(X= 0 .6 6 ) 600 600
Phase Fraction 







The drop diameter obtained at a given RPM and phase 
fraction of organic, X, is dependent on the type of dis­
persion (0/W or W/0). The most attractive configuration is 
usually the W/0 dispersion since this results in shorter 
settling times and reduces organic losses. Thus, more 
emphasis was placed on this system during the investigation 
reported here. It should be pointed out, however, that 
essentually all the work on mean drop size which has been 
reported in the literature has been confined to 0/W 
dispersions.
The behavior of the two types of dispersions, within 
the range of organic phase fractions studied, was observed 
to be surprisingly different with regard to the effect of 
increasing the fraction of the dispersed phase.
4.4.1 Drop Diameter versus Impeller Speed. The dependence of 
the Sauter mean diameter, u P o n impeller speed, for the
three organic phase fractions studied are reported for the W/0 
and O/W dispersions. The behavior for the two types of disper­
sions is shown in Figure 4.8 for an organic phase fraction, 
oX=-j. For both dispersions the drop size decreases as the impel 
ler RPM increases. The water drops, which are at a lower con­
centration in the W/0 dispersion, are of larger diameter than 
the organic drops in the 0/W dispersion where the drops are 












Figure 4.8 Dependency of drop diameter, d 3 2 ' on
two types of dispersions at different RPMs.
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even more surprising, an increase in the concentration of 
water drops (W/0 dispersions) leads to smaller drops.
A. Water drops in LIX-64N-kerosene continuous phase.
The variation of drop size with impeller speed
is shown in Figure 4.9. The data are presented
in Table 4.3. As expected the drop size decreases
as the RPM is increased (in the range 4 00-600 RPM).
An unexpected feature which will be covered in a
later section is that as X increases (corresponding
to a decrease in the fraction of dispersed water
drops) the drop sizes obtained are larger.
At organic phase fractions of 1/3 and 1/2,
d ^  is proportional to N a, where a is close to 2.
2At the highest phase fraction (X=j) a is approxi­
mately 1.4.
3 2The quantity N D is proportional to the 
energy per unit mass of liquid. Theoretical con­
siderations indicate a dependence of mean drop 
diameter on this quantity raised to a negative 
exponent which varies between 0.4 to 0.5, depending 
on whether pressure fluctuations or viscous shear,
controls the breakup of drops. The correlation of
3 2d ^ 2  with N D is shown in Figure 4.10. The data
are presented in Table 4.4. The exponents on
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Figure 4.9 Dependency of Sauter mean diameter, d 
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4.10 Dependency of drop diameter, d32/ on
energy input per unit mass at different 
phase fractions (W/0).
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-0.7, -0.6, and -0.4 respectively. This indicates
that when the dispersed phase fraction is largest
(X=̂ -) , the breakup mechanism is viscous shear. As
2"crowding" of drops decreases (^-j) / turbulent 
pressure fluctuations become the dominant mechanism. 
This behavior can be attributed to the role of the 
drops in the dispersion. At a high concentration 
the drops would be expected to absorb energy from 
high frequency eddies thus affecting the level of 
turbulence in the system. Part of this energy is 
returned to the continuous phase as lower frequency 
eddies. The remainder is lost by viscous dissipation 
within the drop. It is probable that the water 
drops, being of lower viscosity, readily absorb the 
higher frequency turbulence, leading to dissipation 
within the drop and possible breakup. At lower 
concentration of drops this mechanism is not 
effective.
The above explanation can account for the 
observed behavior of smaller water drops as the 
dispersed phase fraction increases. In contrast 
it was found that with organic drops the reverse 
occurred. The higher viscosity organic drops would 
not be expected to absorb the high frequency eddies 
as readily, consequently at a high organic drop 
concentration coalescence would be expected to be
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dominant leading to larger drops. It should be 
mentioned, however, that the Kolmogoroff length 
in these systems is smaller than the drop sizes 
encountered (see Appendix 3). Nevertheless,
Sprow (9) reported the same behavior in his work, 
where a viscous shear mechanism was evident. This 
effect of phase fraction on the dispersed behavior 
is reported in section 4.4.2.
B. LIX-64N-kerosene drops in water continuous phase.
The variation of drop size with energy input 
3 2(N D ) is shown m  Figure 4.11. The data plotted
are those contained in Table 4.5. At a given
organic phase fraction, X, the drop size decreases
with increasing RPM. However, as mentioned
previously, there is an increased drop size as
the dispersed phase fraction increases (X
3 2increasing). The exponents on (N D ) for the
1 1  2phase fractions X=y, and are -0.5, -0.6, and 
0.5 respectively. These exponents indicate that 
drop breakup is by pressure fluctuations due to 
turbulence. Furthermore, the increase in drop 
size as the dispersed phase fraction increases 
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Figure 4.11 Effect of drop diameter, ^ 32 * at different 
energy inputs per unit mass for different 
phase fractions (0/W).
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Except for X=0.66 (the highest fraction of 
the dispersed phase), two speeds were studied, since 
it was not possible to obtain photographs from 
which drops would be discriminated at 600 RPM.
Light refraction produced numerous black spots on 
the negatives. In contrast, this was not the case 
for W/0 dispersions, which appeared dull and flat.
4•4•2. Drop Diameter Dependence on Phase Fraction, X . The 
effect of the volume fraction of the dispersed phase on
the behavior of the drop size of the dispersion has
already been alluded to. It is worth reiterating that 
larger values of X correspond to an increase in the 
phase fraction of drops when the drops are organic (0/W 
dispersions) and a decrease in the phase fraction of drops 
when they are water (W/0 dispersions).
Water drops in LIX-64N-kerosene continuous phase.
The influence of X on the drop size is shown in 
Figure 4.12 for three Weber numbers, corresponding 
to the three impeller speeds studied. As X increases
(lower concentrations of water drops) the drop size
increases. This increase in drop size is most 
dramatic once X is greater than 0.5. At the Weber 
number of 300 the drop diameter increases by about 
30% when X is increased from 1/3 to 2/3. At a Weber 
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Figure 4.12 Effect of organic phase fraction on 
dimensionless drop diameter, ^ 3 2 ^  * 
constant Weber numbers.
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Figure 4.13 shows the data correlated using 
the form of an equation suggested by Gnanasundaram, 
et al. (1). For this W/0 dispersion the physical 
concepts proposed by these authors do not apply 
since coalescence due to crowding is not the mechan­
ism controlling drop size. However, the equation 
provides a convenient way of correlating the data.
The equation obtained by least squares regression is:
d32 = 0.73 N " 0 - 9 1  e°-98X 4 > 2
D 700 > NT7 >300we
The ordinate in Figure 4.13 is the logarithm to
0 9 8 Xbase 10 of d ^ /  (DB) where B = e . The maximum
deviation when using equation 4.2 to predict the 
drop diameter is about 13% over the measured values. 
The value of the exponent on the Weber number is 
qualitatively indicative of a viscous shear mechan­
ism for drop breakup.
B. LIX-64N-kerosene drops in water continuous phase.
The equation used previously to correlate the (W/0) 
dispersion data was used. The concept of coalescence 
due to drop crowding is now valid. The correlation 
is shown in Figure 4.14. The regressed equation is:
d32 = 0.26 N"° • 7 6  e1 *01* * * * " * 4.3
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Figure 4.13 Effect of the phase fraction of the 
dispersed phase on the drop size at 
three Weber numbers (W/O).
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DISPERSED PHASE > 02.4
5.5 6  6.5
LOG Nv t
Figure 4.14 Effect of phase fraction of the dispersed 
phase on the drop size at different 
Weber numbers.
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The maximum deviation when using equation 4.3 to 
predict the drop diameter is about 9% over the 
measured values. The mechanism for breakup now 
appears to be pressure fluctuations due to turbu­
lence since the exponent on the Weber number is 
closer to the theoretical value of -0 .6 .
4.4.3 Effect of pH. The dependence of the Sauter mean 
diameter, & 2 2 '  uPon shown in Figure 4.15. The curve
is for a W/0 dispersion at 400 RPM. As pH increases from
1.5 to 3 the drop size decreases by about 10%.
Operation at high pH generally involves more diffi­
culties in phase separation, particularly regarding emulsion 
formation. However, there is lower limit (pH=2), for 
which LIX-64N is functional.
TABLE 4.6 


































1.5 2.0 2.5 3 .0
PH
Figure 4.15 Effect of pH on drop diameter, d32'
for an organic phase fraction
X=i X 3
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4.4,4 Settling Time for Dispersions. The settling times 
for the various dispersions are shown in Table 4.7. It can 
be seen that the (W/O) dispersions settle some 2 to 3 times 
faster than the (0/W) dispersions. This is particularly 
remarkable when it is realized that for X = i, the fraction 
of water drops which have to settle from the (W/0 ) disper­
sion is twice that of the (O/W) dispersions.
TABLE 4.7
SETTLING TIMES FOR DISPERSION STUDIES 
A Total Liquid Height: 4 in.
Phase Fraction 
X









4.4.5 Power Input. The torque on the impeller was measured 
for a (O/W) dispersion with X=j, over the range 700-1200 RPM. 
Lower RPM could not be studied because the sensitivity of 
the torque transducer was not high enough (the range, 1 0 0  
oz.in., was too large). Table 4.8 is a record of these 
measurements. The data are plotted in Figure 4.16. If 
the correlation of Rushton's (32) is used for the Power 
number, this corresponds to the torque versus the square 
of the RPM shown in the Figure 4.16. In the region of RPM 
where the measurements were made, the power number, PQ , is 
constant and equal to 3.6. The Reynolds number in this 
region is greater than 6000 and according to Rushton's 
correlation, Figure 3.4, the value of PQ is approximately 
equal to 6 . Also,it can be seen that the experimental system 
appears to behave as if the baffles in the system were 
smaller than they actually were. It should be pointed out, 
however, that the correlation is for a single phase, 
although methods for using it with dispersions, as outlined 
in section 3.3, have been reported.
Because of the inability to measure torques at low 
RPM used in the drop-size study, this aspect of the work was 
not pursued further.
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TABLE 4 . 8





N 2- 10 ” 6 
(MIN) ” 2
1205 1 0 . 1 0 1.45
1 1 0 0 8.4 1 . 2 1









5 0 0  5 0 0  1000 1250
12.0
D ■ 2 , 6  Bind* Turbin* 
p *  55 .5  lbmft"s
10.0






0 0.2 1.40 .4 0.6 0.8 1.2 1.6
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This chapter provides an overall summary of 5 v%
LIX-64N in kerosene and water, the results of the dis­
persion behavior of the immiscible liquid pair in a baffled 
agitator vessel. LIX-64N dissolved in kerosene is an 
important industrial liquid ion exchanger for extraction of 
copper from low grade solution. This study was carried out 
in the absence of copper but with the pH of the aqueous 
phase adjusted with sulfuric acid (pH=1.5 to 3). Since 
the mixers were run in the batch mode and measurements were 
carried out under equilibrated conditions, the role of 
mass transfer was not investigated. The results of the 
power input test are also summarized. Finally an enumeration 
of several aspects of the present work which warrant further 
study is provided.
5.1 Conclusions and Discussion
The conclusions and discussion of the findings of the 
experimental investigation may be enumerated as follows:
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i) It was possible to make direct photographic
measurements of the mean drop size in a mixer
1 1  2for organic phase fractions X ~ ,  and -j and 
impeller speeds of 400, 500, and 600 RPM when 
water was the dispersed phase (W/O). However, when 
the organic was the dispersed phase (0 /W), only 
two RPM could be studied for the organic phase 
fractions X=i- and since it was not possible to 
obtain photographs from which drops could be dis­
criminated at 600 RPM. Light refraction produced 
numerous black spots on the negatives which made
measurements of these smaller drops impossible. For 
2X=-j, the effects of coalescence due to a higher 
concentration of organic drops, produced drops at 
600 RPM which were large enough to be measured.
ii) For the two types of dispersions, the drop size 
decreased as the impeller RPM increased, in the 
range 400 to 600 RPM.
iii) When the organic was the continuous phase (W/O)
two breakup mechanisms could be identified. At
the largest dispersed phase fraction (X=̂ -) viscous
shear was dominant. As "crowding" of water drops 
2decreased (X=-̂ ) , turbulent pressure fluctuations 
became the dominant mechanism. It is postulated
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that this phenomenon arises because the water drops, 
being of lower viscosity, readily absorb the high 
frequency turbulence, leading to dissipation within 
the drop and possible breakup. At lower concentra­
tion of drops this mechanism is not effective 
since there is less interaction between turbulent 
eddies and drops. In contrast, it was found that 
with organic drops the reverse occurred. The 
higher viscosity organic drops would not be expected 
to absorb the energy of the high frequency eddies 
as readily. Consequently at high organic drop 
concentration, coalescence would be expected to be 
dominant, leading to larger drops.
iv) When water was the continuous phase (O/W), drop 
breakup occurred by pressure fluctuations due to 
turbulence. Furthermore, the increase in drop 
size as the dispersed phase fraction increased can 
now be attributed to coalescence as a result of 
crowding.
v) The equation proposed by Gnanasundaram, et al. (1) 
was used to fit the mean drop size data to the 
Weber number, N^e and the organic phase fraction, X. 
For the W/O dispersion, the underlying physical 
concept proposed by reference 1 is not valid.
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Justification of its use is based on convenience.
The regressed equations (4.2 and 4.3) provide
predictions of drop size within 10 to 15% of those
2 1measured for conditions —  -j >_ X -j, 700 >_ N >_ 300.
vi) Increasing the pH caused the drop size to decrease 
by about 10% for a W/O dispersion when X=~, and at 
400 RPM.
vii) The settling time when the organic was the continu­
ous phase (W/O) was significantly shorter than when 
water was the continuous phase (O/W). This finding 
reinforces the practice of making the organic the 
continuous phase, since not only will organic 
losses be minimum but settler size would be smaller.
5.2 Further Work
The investigation has uncovered a number of areas 
which warrant further study. These are listed below:
i) Experimental and theoretical confirmation
regarding the behavior of organic/aqueous systems 
where the aqueous is the dispersed phase. No 
work on drop size measurement was uncovered in 
the available literature for these systems.
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ii) Prediction of power input to these systems using 
effective properties of the two phase mixture 
needs to be confirmed.
iii) Measurement of mean drop size for a continuous 
flow system (where mass transfer is occurring) 
can provide valuable information regarding the 
effect of residence time as well as the role of 




A(h) = energy of adhesion between two drops separated
_ 2by distance h . [MLt ]
C^,C2 = empirical constants
D = impeller diameter [L]
d = drop diameter [L]
d ^ 2  = Sauter mean diameter. CL]
 2g = gravitational acceleration. [Lt ]
K = constant
n = number of drops
N = revolution per minute, [t ^ ]
ND^NRe = impeller Reynolds number = — —  [M°L°t°]
N_ = Froude number = — [M°L°t°]Fr
N,
2 3
impeller Weber number = N- D [M°L°t°]We r a
o/w = organic-in-water
2 - 3P = power input [ML t ]
P = power number = [M°L°t° ]
° N D P
t = circulation time [t]c
T = tank diameter [L]
w/o = water-in-organic
X = phase fraction of organic
W = impeller blade width [L]
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e = average energy dissipation per unit mass of
2 -3liquid in vessel [L t ]
'y = viscosity of continuous phase [ML ̂ t
y^ = viscosity of dispersed phase [ML ̂ t
ym = microns [L]
n = Kolmogoroff length [L]
_ 3Pc = density of continuous phase [ML ]
_3= density of dispersed phase [ML ]
— 2a = interfacial tension [Mt ]
2 -1v = kinematic viscosity [L t 3
Subscripts
c = continuous phase 
d = dispersed phase
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APPENDIX 1 
DIMENSIONLESS CORRELATION FOR POWER
The method of dimensional analysis is demonstrated in 
this appendix.
If it is assumed that the power input, P , into the 
system is of the form:
P = f(D,y,p,g,N)
The simplest form of function is the product of powers 
of the variables and then:
P = Kx (Da ,yb ,pC ,gd ,Ne) Al.l
Expressing these terms on the basis of the LMT system 
dimensions:
^  = [La ( ^ ) b ( ^ ) C (̂ !2 )d (^)e] A1.2t L t
Equating the dimensions on each side:
for L: 2 = a - b - 3 c + d
M: 1 = b + c
t: -3 = -b - 2d - e
Writing these indices in terms of b and c 
c = 1 - b
a = 2 + b - d + 3 ( l - b )  = 5 - 2 b - d
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e = -b - 2d + 3
P = K 1 [ D 5 ^ 2 b d b 2d+3j A1.3
P = K1 f(D5 pN3) (^j^) (^|~) ] A1.4
p K D̂ 2N j b |-DN 2 j ~C A1.5



























C A L C U L A T E S  THE SAUT ER DROP DI A M E T E R  
M E A S U R E M E N T S  OF P H O T O G R A P H S  OF THE 
* * * %  D E F I N I T I O N  OF V A R I A B L E S  ***# 
S= SAMPLE S T A N D A R D  D E V I A T I O N  
D32= SA U T E R  DROP DIAME T E R 
SM= SAMPLE MEAN
RS = R E L A T I V E  S T A N D A R D  D E V I A T I O N  




" INPUT THE RPM
1 00 INPUT R 1
110 PRINT a WHAT IS D I S P E R S E D  PH a n r  b Hot
120 INPUT R $
130 xi = o: V/V = o: X 3 = 0
140 READ N
150 FOR I =s 1 TO N
160 READ X (I )
180 X 1 * = XI + X C I )
•! Q Agl, / ‘J X2 = X2 + X C I > /•% .-it
200 X 3 ~ X s P X < I ) " 3
210 NEXT I
220 SM = XI // N * (117)
230 D3 = X3 / X2 % (117)
240 V = (X2 - XI " 2 / N) / (N - 4X )
25 0 S = V " 0 «■ 5
2 6 0 RS = S // SM
230 PRINT ♦♦ PRINT “ORGANIC / WAT kmR RATIO IS "
300 PRINT *♦ PRINT “RPM IS 1 .» R 1
310 PRINT 44 PRINT •DISPE RSED PHA P r* t m it X O f R .4*
32 0 PRINT ♦♦ PRINT "SAMPLE MEAN = 9 f SM f * M T4.L r» i~i i iPv U iX w
34 0 PRINT ♦♦ PRINT •SAUTER DROP DI AHETER 4 D
360 PRINT 44 PRINT "STANDARD DEVIATION = n yii
330 PRINT 4♦ PRINT "REL. STD* DEV 4 = ‘ ?RS




INPUT ORGA N I C  I W A T E R  RA TIO 
?1 *2 
INPUT THE RPM 
?400
WHA7 IS D I S P E R S E D  PHASE 
?W/0
ORGANIC / WATER RATIO IS 1**2
RPM IS 400
D I S P E R S E D  PHASE. IS W/O
SAMPLE MEAN = 2 8 6 * 6 7 4 7 8 6  M ICRONS
SA U T E R  DROP D I A M E T E R  * D32 = 2 9 4 . 0 5 5 9 3 ?
S T A N D A R D  D E V I A T I O N  = *284 47406
RE!. * STD* DEV ♦ = 9 *9 2 3 2 3 2 6 7 E - 0 4
RUN
INPUT O R G A N I C  : W A TER RA TIO 
?1 *2 
INPUT THE RPM 
?500
WHAT IS D I S P E R S E D  PHASE 
?W/0
ORGANIC / WATER R A T I O  IS I J2
RPM IS 500
D I S P E R S E D  PHASE IS W/O
SAMPLE MEAN = 1 9 0 * 6 3 9 8 8 2  MICRONS
S AUTER DROP DIA M E T E R > D 3 2 = 1 9 5 *317082
ST A N D A R D  D E V I A T I O N  = *18 8235634





INPUT O R G A N I C  I WATER RATIO 
? 1 ? 2 
INPUT THE RPM 
?600
WHAT IS D I S P E R S E D  PHASE 
?W/0
O RGANIC / WATER RATIO IS 1J2
RPM IS 600
D I S P E R S E D  PH ASE IS W/O
SAMPLE MEAN - 1 2 7 * 9 4 0 7 0 8  MICR O N S
SAUTER DROP D I A M E T E R ? D 32 = 132* 8 5 2 4 7 7
S T A N D A R D  D E V I A T I O N  = ♦ 1 5 385A02S
R E L ♦ S T D ♦ DEV * ~ 1 .2 0 2 5 5 7 2 7 E - 0 3
INPUT ORGANIC J WATER RATIO 
? 1 ? 2 
INPUT THE RPM 
? 4 0 0
WHAT IS D I S P E R S E D  PHASE 
?ORGANIC
ORGANIC / WATER RATIO IS 112
R PM IS 4 0 0
D I S P E R S E D  PHASE IS ORGANIC
SAMPLE MEAN = 2 34*4894 MICRONS
SAUTER DROP D I A M E T E R ? D 3 2  = 245*42149
S T A N D A R D  D E V I A T I O N  = *308934944
REL* STD* DEV*= 1 *31769253E-03
MICRONS
MIC R 0 N 3
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RUN
INPUT ORGANIC J WATER RATIO 
?1 >2 
INPUT THE RPM 
?500
WHAT IS DISPERSED PHASE 
?0/W
ORGANIC / WATER RATIO IS X X 2
RPM IS 500
DISPFRSFD PHASE IS 0/W
SAMPLE MEAN - 151*516228 MICRONS
SAUTFR DROP DIAMETER,D32 - 160*220403
STANDARD DEVIATION = .217113935
REL. STD. DEV.- 1 . A 3294179E-03
RUN
INPUT ORGANIC t WATER RATIO 
? 1 . 1 
INPUT THE RPM 
?400
WHAT IS DISPERSED PHASE 
?W/0
ORGANIC / WATER RATIO IS 1J1
RPM IS 400
DISPERSED PHASE IS W/O
SAMPLE MEAN = 308.839698 MICRONS
SAUTER DROP DIAMETER,D32 = 319.629397
STANDARD DEVIATION = .346849927





INPUT ORGANIC : WATER RATIO 
? 1 * 1 
INPUT THE RPM 
?5Q0
WHAT IS DISPERSED PHASE 
?W/0
ORGANIC / WATER RATIO IS 151
RPM IS GOO
DISPERSED PHASE IS W/O
SAMPLE MEAN * 201 >5.47939 MICRONS
SAUTER DROP DIAMETER r D37 « 204.646977
STANDARD DEVIATION = >162856304
REL. STD. DEV.- S . 0963447E-04
RUN
INPUT ORGANIC : WATER RATIO 
? 1 , 1 
INPUT THE RPM 
?600
WHAT IS DISPERSED PHASE 
?W/0
ORGANIC / WATER RATIO IS U i
RPM IS 600
DISPERSED PHASE IS W/O
SAMPLE MEAN ~ 137.647435 MICRONS
SAUTER DROP DIAMETER,D32 - 136.866793
STANDARD DEVIATION = .144900242




INPUT ORGANIC : WATER RATIO 
? 1 > 1 
INPUT THE RPM 
?400
WHAT IS DISPERSED PHASE 
TORGANIC
ORGANIC / WATER RATIO IS 111
RPM IS 400
DISPERSED PHASE IS ORGANIC
SAMPLE MEAN = 256.263416 MICRONS
SAUTER DROP DIAMETER > D32 = 261.491876
STANDARD DEVIATION = .23083697
REL. STD. D E V .= 9.007S0041E-04
RUN
INPUT ORGANIC : WATER RATIO 
? 1 * 1 
INPUT THE RPM 
?500
WHAT IS DISPERSED PHASE 
?0 /W
ORGANIC / WATER RATIO IS 1 t 1
RPM IS 500
DISPERSED PHASE IS 0/W
SAMPLE MEAN “ 176.844089 MICRONS
SAUTER DROP DIAMETER > D32 = 182.933796
STANDARD DEVIATION = .70403726





INPUT O RGANIC X WATER RATIO
?2 9 1
INPUT THE RPM 
?400
WHAT IS D I S P E R S E D  PHASE 
?U/0
ORGANIC / WATER RATIO IS 2J1
RPM IS 400
D I S P E R S E D  PH ASE IS W/O
SAMPLE MEAN « 365.0 6 7 3 1 1  MICRONS
SAUTER DROP D I A M E T E R »D32 - 373. 19449
S T A N D A R D  D E V I A T I O N  = .33227 4754
RE I. ♦ STD. DEV.= 9 . 1 0 1 7 8 1 75E-04
RUN
INPUT ORGA N I C  X WA TER RATIO 
? 2 > 1 
INPUT THE RPM 
? 5 0 0
WHAT IS D I S P E R S E D  PHASE 
?W/0
ORGANIC / WATER RATIO IS 2J1
RPM IS 500
D I S P E R S E D  PHASE IS W/O
SAMPLE MEAN 2 4 3 . 1 1 4 8 4  M ICRONS
SAUTER DROP D I A M E T E R tD32 = 249. 4 5 7 9 8 7
S T A N D A R D  D E V I A T I O N  = .23051 0272





INPUT O R G A N I C  : WATER R A TIO 
? 2 , 1 
INPUT THE RPM 
?600
WHAT IS D I S P E R S E D  PHASE 
?W/Q
O R G A N I C  / WATER RATIO IS 2 X 1
RPM IS 600
D I S P E R S E D  PHASE IS W/O
S AMPLE ME AN ■= 2 0 6 . 2 1 2 7 3 7  M ICRONS
SAUTER DROP DI AME.TER » D32 = 2 1 5 . 0 0 8 3 0 3
S T A N D A R D  D E V I A T I O N  = .253336921
REL. STD. D E M .~ 1.2 5 2 7 6 B 9 8 E - 0 3
RUN
INPUT ORGA N I C  X WATER RATIO  
? 2 * 1 
INPUT THE RPM 
?400
WHAT IS D I S P E R S E D  PHASE 
?0/W
ORGA N I C  / WATER RA TIO IS 2 X 1
RPM IS 400
D I S P E R S E D  PHASE IS 0/U
S AMPLE MEAN - 3 7 5 . 1 1 6 3 3 4  MIC R O N S
SA U T E R  DROP D I A M E T E R  > D32 - 3 3 5 . 1 7 9 6 1 6
S T A N D A R D  D E V I A T I O N  = .331701.151





INPUT ORGANIC J WATER RATIO 
? 2 ,  1 
INPUT THE RPM
?500
WHAT IS DISPERSED PHASE 
?0 /U
ORGANIC / WATER RATIO IS 2J1
RPM IS 500
DISPERSED PHASE IS 0/W
SAMPLE MEAN - 205*178225 MICRONS
SAUTER DROP DIAMETER ? D32 - 210*214408
STANDARD DEVIATION = >193464655
'REL* STD* DEV * = 9.4291026SE-04
RUN
INPUT ORGANIC i WATER RATIO 
?2 ? 1 
INPUT THE RPM
?600
WHAT IS DISPERSED PHASE 
?0/W
ORGANIC / WATER RATIO IS 
RPM IS 600
DISPERSED PHASE IS 
SAMPLE MEAN = 179*41992
SAUTER DROP DIAMETER * D32 =
STANDARD DEVIATION =
REL . STD* DEV ♦= 1 . 4646056SE-03









WHAT IS THE F’H 
?1 *5
INPUT ORGANIC : WATER RATIO 
? 1 * 2 
INPUT THE RPM 
?400
WHA7 IS DISPERSED PHASE 
?W/0
PH IS = 1.5
ORGANIC / WATER RATIO IS lt2
RPM IS 400
DISPERSED PHASE IS U/0
SAMPLE MFAN = 286.6747S6 MICRONS
SAUTER DROP 0 1A M E T E R ? D 3 2 = 294.055932
STANDARD DEVIATION - .28447406
REL. STD. DEV.” 9.92323267E-04
RUN 
THE PH IS 
?2
INPUT ORGANIC t WATER RATIO 
?1»2  
INPUT THE RPM 
?400
WHAT IS DISPERSED PHASE 
?W/G
THE PH IS = 2
ORGANIC / WATER RATIO IS 1J2
RPM IS 400
DISPERSED PHASE IS U/0
SAMPLE MEAN ” 261.675531 MICRONS
SAUTER DROP D T AMFTFR » D37 = 280.60132ft
STANDARD DEVTATTON = .451461781





THF PH IS =
?3
INPUT O RGANIC J WATFR RATIO 
? 1 ? 2 
INPUT THF RPM 
?400
WHAT IS D I S P E R S E D  PHASE 
7W/0
THE PH IS = 3
ORGANIC / WATER R A T I O  IS 1J2
RPM IS 400
D I S P E R S E D  PHASE IS W/0
SAMPLE MEAN 251* 6 4 3 9 8 1  MICRONS
SAUTFR DROP D I A M E T E R »D32 = 269*0 8 4 0 3 6
S T A N D A R D  D E V I A T I O N  = *40 3003456




CALCULATION OF VARIOUS PHYSICAL PARAMETERS AND 
DIMENSIONLESS QUANTITIES
The physical parameters determined were density, vis­
cosity, NRe , and Kolmogoroff Length.
Mean values of density and viscosity were obtained by 
using equations 3.28 and 3.29 and used to compute the Reynolds 
number and Kolmogoroff length.
DATA:
p = 3.3598 x 10” 3lb ft" ^ - 1  p = 48.51b ft" 3org m org m
W r  = 6 ' 7 1 9 7  X l O ^ l V f V 1 pwater = 62.441binft-3
1 2Sample calculation for Xd = *3 ' continuous phase
subscript c, is organic.
= 3 . 35 98xl0~3 n  1.5x0.6666x6.7197x10"4 ]
ym 0.3333 3. 35985x10"3+6.7197xl0"4
= 1.17 x 10"2lb f t ^ s " 1m




= (6 ) ( 60) (57.77) = g i 4  ?
1.17 x 10-2
From Figure 3.4, Power number (PQ) versus NRe , the 
value of PQ at this Reynolds number is 4.3. Thus, the energy 
input per unit mass of two phase mixture swept out by impeller, 
is:
e = (|) 4.3 (-̂ §§) 3 = 240 ft2 s~ 3
The Kolmogoroff Length is defined.
3 2 |
n = (r£ )*S = (1‘^ 1°9 1 (240)_% (30.40X104) = 131 ym
The following table gives all the physical parameters 
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